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A B S T R A C T
Mineralized turkey leg tendon (MTLT) is an attractive model of mineralized collagen fibers,
which are also present in bone. Its longitudinal structure is advantageous for the relative
simplicity in modeling, yet its anisotropic elastic properties remain unknown. The aim
of this study was to quantify the extent of elastic anisotropy of mineralized collagen
fibers by using nano- and microindentation to probe a number on MTLT samples in
two orthogonal directions. The large dataset allowed the quantification of the extent of
anisotropy, depending on the final indentation depth and on the hydration state of the
sample.
Anisotropy was observed to increase with the sample re-hydration process. Artifacts
of indentation in a transverse direction to the main axis of the mineralized tendons in
re-hydrated condition were observed. The indentation size effect, that is, the increase of
the measured elastic properties with decreasing sampling volume, reported previously on
variety of materials, was also observed in MTLT. Indentation work was quantified for both
directions of indentation in dried and re-hydrated conditions.
As hypothesized, MTLT showed a higher extent of anisotropy compared to cortical
and trabecular bone, presumably due to the alignment of mineralized collagen fibers in
this tissue.
c⃝ 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Mineralized turkey leg tendon (MTLT) is a tissue containing
longitudinally arranged collagen fibers that normally miner-
∗ Corresponding author.
E-mail address: philippe.zysset@istb.unibe.ch (P.K. Zysset).
1751-6161 c⃝ 2012 Elsevier Ltd.
doi:10.1016/j.jmbbm.2012.03.004
Open access under CC BY-NC-ND license.alize over time, which makes them attractive models to study
mechanisms of mineralization (Landis et al., 1996; Landis and
Silver, 2002). The tendons undergo a gradual mineralization
from a point mid-way along the tendon in the proximal di-
J O U R N A L O F T H E M E C H A N I C A L B E H AV I O R O F B I O M E D I C A L M AT E R I A L S 1 2 ( 2 0 1 2 ) 2 0 – 2 8 21Fig. 1 – Circumferential (CIR) and interstitial (INT) zones of MTLT in two orthogonal directions (axial — AXI and transverse
— TRV) as seen by backscattered electron imaging (a)–(d) and scanning probe microscopy (e)–(h). (a), (b) Bar −50 µm;
(c), (d) Bar −25µm; (e)–(h) Bar −5 µm.rection, giving possibilities to study different stages of the
process, depending on the distance from the mineralization
front. Constituents of MTLT are similar to those of bone, be-
ing mainly collagen, of which 90% is the type I collagen (Lan-
dis and Silver, 2002; Fritsch and Hellmich, 2007), the mineral
— hydroxyapatite and water. The mineral content of tendons
in animals 24 weeks old was reported to be slightly lower
than that of human bone (Gupta et al., 2004), but within the
bone mineralization level for tendons extracted from older
turkeys (Spiesz et al., 2012).
Two distinct morphologies of MTLT are shown in Fig. 1.
One morphology, called the circumferential zone, consists
of densely packed mineralized collagen fibers and is placed
around large pores of the tendon (blood vessels). The other
morphology, called the interstitial zone, is located between
the large pores and has a more sparse structure and higher
microporosity (Spiesz et al., 2012). The zones had different
morphology and composition, and therefore were treated
separately in this study.
Indentation is a technique used for quantifying the
elastic properties of inhomogeneous materials at the micro-
and nanolevel. It could be considered as a non-destructive
technique that often does not require complicated sample
preparation or mounting and can be performed multiple
times on the same sample. In this technique the indentationmodulus of rate-independent, elasto-plastic materials can
be evaluated on the basis of the elastic contact theory
(Oliver and Pharr, 1992; Fischer-Cripps, 2002; Oyen, 2011).
For bulk isotropic materials, the indentation modulus is
directly related to the elastic modulus and Poisson’s ratio
(Oliver and Pharr, 1992; Rho et al., 1999; Ebenstein and
Pruitt, 2006). However, for anisotropic and/or more complex
material systems, such as bone or MTLT, the indentation
modulus is related to the stiffness tensor by a more complex
function (Swadener and Pharr, 2001), but can be estimated
using iterative schemes (Franzoso and Zysset, 2009). Many
nano- and microindentation results of mineralized tissues
available so far have been obtained in the dried state.
However, due to the important role of hydration in collagen
properties, nanoindentation in physiological conditions is
gaining acceptance (Hengsberger et al., 2002; Wolfram et al.,
2010b). This enables the simulation of collagenous tissues
conditions closer to the in vivo state, in which hydrated
tissues are often swollen, giving rise to markedly different
elastic properties. In trabecular bone, the stiffness anisotropy
changes with re-hydration (Wolfram et al., 2010b), which
suggests the volume changes are anisotropic, which was also
observed macroscopically on MTLT (Lees and Page, 1992).
According to the conventional plasticity theory, the
measurement of the indentation modulus should be
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indentation size effect, which describes the increase of
indentation modulus with decreasing sampling volume, was
reported before (Swadener and Pharr, 2001; Zhang et al., 2008;
Voyiadjis and Peters, 2010). This issue is not yet resolved
quantitatively, even though some modeling attempts were
done (Begley and Hutchinson, 1998; Shu and Fleck, 1998).
The aim of this study was tomeasure the elastic properties
of mineralized turkey leg tendons in two orthogonal
directions. Availability of such data set is limited in literature,
to the authors’ knowledge, but could be very useful for
the attempts to understand mechanical behavior of uniaxial
mineralized collagen fibril arrays (Reisinger et al., 2010).
Effects of sample re-hydration on the measured indentation
modulus in the two directions were also investigated.
Two hierarchical levels of the tissue organization were
investigated using nano- and microindentation, contributing
to the knowledge of the indentation size effects observed in
mineralized tissues.
2. Materials and methods
2.1. Samples
Highly mineralized parts of ten digital flexor tendons of
domestic turkeys (Bigi et al., 1996; Lees et al., 1994; Gupta
et al., 2004) older than 24 weeks were used in this
study. Approximately 10 millimeter-long specimens (about
40%–60% of the hard, highly mineralized part of a tendon),
extracted from 8 legs, were used. Five cut sections were
performed in each sample, as shown in Fig. 2, resulting
in one transverse sample of approximately 10 mm in
length and four axial samples. A total number of 49
tendon sections (one axial section was destroyed during
processing) were embedded in epoxy resin (EpoFix, Struers,
Ballerup, Denmark) without dehydration of the sample
or resin infiltration, allowing subsequent re-hydration for
indentation. The specimens were mounted on glass slides
and polished using a silicon carbide paper series, followed
by a 1 µm diamond suspension on a polishing cloth with
a semi-automatic polishing machine (PM5, Logitech, UK). A
similar procedure was successfully used for bone sections
preparation for indentation (Wolfram et al., 2010a,b). Two
morphological zones present in MTLT (Spiesz et al., 2012),
the circumferential and the interstitial, were investigated
separately by indentation. The mineralization within a
morphology zone measured using quantitative backscattered
electron imaging was homogeneous. The interstitial zone
showed a higher porosity than the circumferential one (Spiesz
et al., 2012).
2.2. Morphological analyses
The morphology of MTLT was observed using two imag-
ing techniques: quantitative backscattered electron imaging
(qBEI) and scanning probe microscopy mode of the indenter.
qBEI images were captured using a digital scanning electron
microscope with a four-quadrant semiconductor backscat-
tered electron detector (DSM 962, Zeiss), at a working distanceof 15 mm. The probe current was adjusted to 110 ± 0.4 pA
and the electron beam energy used was 20 keV (Roschger
et al., 1998). Images with magnifications of 50 and 400x
were captured, which yielded imaged areas of approximately
2.0×2.5 mm and 250×315 µm, respectively (see Fig. 1). The re-
gions were chosen randomly, ensuring that both types ofmor-
phology are visible in each image. Additionally, topography
scans were obtained using the Hysitron Triboindenter with a
Berkovich tip, the same as the one used for indentation (see
Section 2.3.2) with a scan rate of 0.3 Hz.
2.3. Indentation
2.3.1. Selection of regions of interest
Regions of interest for indentation were selected within
the tissue previously imaged with qBEI. In each section
of a tendon, 6–10 400x qBEI images containing both
circumferential and interstitial zones were taken, defining the
regions of interest for indentation. In each of these, 30–60
single indents were placed using a light microscope of the
indenter to position indents avoiding lacunae, micropores
or surface preparation defects. Over 3000 indentations with
2500 nm (dried and physiological conditions of indentation)
and over 2000 indents of approximately 900–1000 nm in
depth (dried conditions) were performed in site matched
zones of the 49 specimens. The difference between what
we refer to as microindentation (final indentation depth
of about 2.5 µm) and nanoindentation (about 900 nm)
for MTLT is barely a factor of 3 in depth. Nevertheless,
in microindentation, greater influence of microporosity is
expected, as the size of an indent may cover more than
one fiber. Additionally, the micropores are partially invisible
when choosing the indentation sites. In nanoindentation,
the influence of microporosity is minimized, as the resulting
deformed volume is smaller than a fiber and all indents
were inspected for a visible influence of surface defects (also
micropores visible with the scanning probe microscopy).
2.3.2. Indentation protocol
MTLT was considered to be a linear viscoelastic material un-
der small strains, an assumption based on previous macro-
scopic tensile tests (unpublished data) and its similarity of
mineralization to bone. Two machines were used: the Nano-
Hardness Tester, CSM Instruments, Peseux, Switzerland (for
microindentation) and the TriboIndenter, Hysitron, USA (for
nanoindentation). In this study MTLT samples were indented
in two orthogonal directions (axial and transverse) to the
main axis of a tendon.
Indentations were performed in both dried and physio-
logical conditions to evaluate re-hydration effects on MTLT’s
stiffness. Microindentation in physiological conditions was
performed in a specially designed fluid cell, using Hank’s Bal-
anced Salts Solution (HBSS; VWR, Vienna, Austria) as a re-
hydration medium. Samples were re-hydrated for at least 1 h
before indentation.
In all cases, a Berkovich indenter was used and
measurements were conducted in a load control. The
indentation protocol involved trapezoidal loading/unloading
at a constant rate of 120 mN/s, with 60 s holding time
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resulting in axial (AXI) and transverse samples (TRV). MTLT
is schematically represented as mineralized collagen fibers
arranged longitudinally along the tendon’s main axis (z).
at maximum load to minimize the viscoelastic and/or
viscoplastic effects. In microindentation, this load controlled
protocol was performed until the displacement limit of
2500 nm, and, in nanoindentation, until the load limit of
9000 µN. As no protocols for indentation of mineralized
tendons were available in the literature, the two indentation
depths were chosen based on previous experiments on
mineralized tissues (mainly cortical and trabecular bone):
for microindentation — (Wolfram et al., 2010a,b) and for
nanoindentation — (Franzoso and Zysset, 2009). Indentation
moduli were calculated according to the method of Oliver and
Pharr (1992).
Because this study was not focused on time dependence,
a homogeneous loading rate was used in all indentations.
MTLT was considered to have a no more rate-dependent
behavior than other mineralized tissues on which nano-
and microindentations have previously been successfully
performed (Ebenstein and Pruitt, 2006; Oyen, 2006).
2.3.3. Statistical analyses
All indents located close to scratches or other surface
defects (including pores) were discarded as outliers. Earlier
studies on mineralization of the two zones of morphology
had shown low heterogeneity of mineralization within azone (Spiesz et al., 2012). This allowed defining additional
statistical outliers of indentation moduli as values higher
than 1.5 times the interquartile range above the third
quartile and below the first quartile (Crawley, 2005). A Welch
two-tailed t-test (Crawley, 2005) was used to compare the
groups. The differences were shown using the box and
whisker plots that represent the sample medians (horizontal
bar) and the top/bottom border of the box represents
the interquartile range (see Figs. 3–5). Whiskers represent
maximum/minimum value (after removal of the outliers).
This representation of the data has the advantage of showing
the nature of variation in the results and skewness of the
distribution (Crawley, 2005), rather than merely showing
the means and standard deviations. A significance level of
α = 0.05 was used in this study.
2.3.4. Indentation work
The work of indentation was calculated for the microinden-
tation experiments. Application of the force to the indenter
and the resulting displacement represents the work done on
the system, and is manifested as plastic and elastic strains in
the specimen (Fischer-Cripps, 2002). During unloading, energy
is released by the material. The area enclosed by the loading
and unloading curve represents the energy lost in plastic de-
formation (plastic work). The elastic energy stored was eval-
uated by integration of the area under the unloading curve,
until the end of the holding phase (elastic work).
2.3.5. Stiffness tensor estimation
An iterative scheme proposed by Franzoso and Zysset (2009)
was used to estimate a stiffness tensor based on indentation
moduli in two orthogonal directions. The scheme is based
on a procedure inverse to the one proposed by Swadener
and Pharr (2001), which allows calculation of the indentation
moduli in a given direction knowing the material’s stiffness
tensor.
3. Results
3.1. Microindentation in dried and physiological condi-
tions
A higher indentation modulus was measured in the
circumferential zone, as compared to interstitial one, using
microindentation in axial and transverse directions (see
Table 1). Also, a higher anisotropy extent (indEaxi/
indEtrv) was
measured in the circumferential zone than in the interstitial
one, see Table 1. Significant differences of indentation moduli
in dried and physiological conditions, for both axial and
transverse directions, were found when the circumferential
and interstitial zones were treated separately, (p-values below
0.05, see Fig. 3). Similarly, as for the trabecular bone (Wolfram
et al., 2010a), re-hydration of the MTLT diminished the
indentation modulus for both orthogonal directions and in
both morphology zones.
On average, the indentation modulus decreased by 5.4% in
physiological conditions with respect to the dried ones, when
measured in the axial direction. In the transverse direction
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and re-hydrated (WET) conditions. Average indentation moduli in the axial (indEaxi) and transverse direction (
indEtrv), as
well as standard deviations (in brackets), are given in GPa. CIR stands for the circumferential and INT for the interstitial
zone. The differences of the anisotropy extent between the CIR and INT zones were not statistically significant.
Anisotropy extent Microindentation Nanoindentation
indEaxi
indEtrv
WET DRY DRY
CIR 12.85(±1.57)2.85(±0.93) = 4.50 13.68(±0.83)6.51(±1.03) = 2.10 18.09(±2.86)10.16(±1.81) = 1.78
INT 11.60(±1.22)2.76(±0.77) = 4.20 12.18(±1.05)6.14(±1.08) = 1.99 15.68(±3.86)9.92(±1.59) = 1.60Fig. 3 – Re-hydration effects on microindentation moduli
evaluated separately in the two morphology zones:
circumferential (CIR) and interstitial (INT). Indentation
moduli were measured in dried (DRY) and re-hydrated
conditions (WET), in the two orthogonal directions (AXI,
TRV). The level of significance noted in the figure (*) is
p < 0.05. The horizontal solid bars represent medians, the
top/bottom border of the box represent the interquartile
range. Whiskers represent maximum/minimum value.
the averaged measured stiffness decrease was 55.6%, but is
likely overestimated due to swelling artifacts.
The total work, as well as the plastic and elastic work of
microindentation, were calculated for measurements in dried
and physiological conditions and showed similar trends as
indentation moduli for the same cases. Plastic work is shown
in Fig. 4a as an example.
Ratios of the elastic over plastic work (Wel/Wpl),
representing the fraction of elastic and dissipated energy
were calculated to ensure the work was independent of theFig. 4 – (a) Microindentation plastic work (Wpl) measured
in dried (DRY) and re-hydrated (WET) conditions, in the two
orthogonal directions (AXI, TRV), in the two morphology
zones (CIR, INT), (b) ratio of elastic to plastic work (Wel/Wpl)
averaged over the two morphology zones for simplification.
The level of significance noted in the figure (*) is p < 0.05.
The horizontal solid bars represent medians, the
top/bottom border of the box represents the interquartile
range. Whiskers represent maximum/minimum value.
maximal load used in indentation (see Fig. 4(b)). Higher ratios
were observed in the transverse direction of indentation (0.40
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zones (CIR, INT), dry indentation in two directions (AXI,
TRV). The level of significance noted in the figure (*) is
p < 0.05. The horizontal solid bars represent medians, the
top/bottom border of the box represents the interquartile
range. Whiskers represent maximum/minimum value.
and 0.53 in dried and re-hydrated conditions, respectively)
than in the axial one (0.23 and 0.18 in dried and re-hydrated
conditions).
3.2. Nanoindentation in dried conditions
To compare with the results of microindentation in dried
conditions, indents with the final depth of 900–1000 nm were
performed on the same samples and in the same regions
of interest. In nanoindentation, as in microindentation, the
circumferential zone was stiffer in the axial and transverse
directions than the interstitial zone, but only the difference
in the axial moduli was significant (p < 0.05, see Fig. 5).
The indentations were performed in load control and
resulted in different final indentation depths (depending
on the local stiffness of the tested area). The average
final indentation depth (hmax) in the axial direction of
indentation was higher for the interstitial zone (990± 138 nm)
than in the circumferential one (916 ± 64 nm). The final
indentation depths were higher in the transverse direction
of the indentation as compared to the axial directions. The
final depth in the interstitial zone was again higher (1205
± 155 nm) than in the circumferential one (1109 ± 79 nm).
3.3. Comparison between nano- and microindentation
results
Indentation moduli measured with nanoindentation were
higher than the ones measured with microindentation
(see Table 1). The anisotropy extent measured with
nanoindentation was lower compared to the one measured
with microindentation in the same regions of interest as
mentioned before (see Table 1). The circumferential zone of
MTLT showed higher anisotropy compared to the interstitial
one, both in nano- and microindentation, as well as in
dried and re-hydrated conditions ofmicroindentation, but the
differences were not significant. Stiffness tensors of MTLT
were estimated from micro- and nanoindentation results inthe dried state, taking the average of all indents in the given
indentation direction (see Fig. 6). The following transverse-
isotropic stiffness tensors were estimated for MTLT from:
(a) microindentation in two directions:
[S] =

7.02 3.30 5.87 0 0 0
3.30 7.02 5.87 0 0 0
5.87 5.87 22.17 0 0 0
0 0 0 6.60 0 0
0 0 0 0 6.60 0
0 0 0 0 0 3.72

(b) nanoindentation in two directions:
[S] =

12.91 6.08 9.23 0 0 0
6.08 12.91 9.23 0 0 0
9.23 9.23 29.82 0 0 0
0 0 0 10.39 0 0
0 0 0 0 10.39 0
0 0 0 0 0 6.84

.
4. Discussion
The goal of this study was to quantify the extent of elastic
anisotropy in MTLT using two-directional indentation. It was
assumed that the anisotropy in this tissue would be higher
than that measured in bone, because of the simple, uniaxial
arrangement of the mineralized collagen fibers. In cortical
and trabecular bone the fiber arrangement is much more
complex, with ranges in average anisotropy extent lower
than those seen in MTLT. Franzoso and Zysset (2009) had
measured the extent of anisotropy of human cortical bone
using nanoindentation in the dried state, which resulted in
an average indEaxi/
indEtrv = 1.43. Wolfram et al. (2010b) had
found a lower anisotropy in trabecular bone (1.40 measured
with microindentation in the re-hydrated and 1.19 in dried
state). In this work, the anisotropy in MTLT was found to be
the highest among those mineralized tissues (see Table 1).
Similarly, the elasticity anisotropy ratio which had been
obtained with acoustic microscopy by Lees and Page (1992)
was 1.96 — higher than the anisotropy in bone, and within
the range measured in this study for dried specimens.
The elastic anisotropy extent of a mineralized collagen fib-
ril array had been predicted with a mean field micromechani-
cal homogenization scheme by Reisinger et al. (2010). In their
model, the mineralized collagen fibrils had been aligned uni-
axially in arrays similar to MTLT. The extent of anisotropy
quantified by a ratio of indentation moduli in the axial and
transverse directions was found to be in the range of 1.5–2.0,
depending on the overall mineralization of the array and stiff-
ness of collagen used in the simulation. This is in agreement
with the range measured using indentation in dried condi-
tions in this work (see Table 1).
The anisotropy ratio measured in re-hydrated conditions
(4.20–4.50) was outside of the range predicted by the
simulations by Reisinger et al. (2010), which may be
due to the highly reduced values of indentation modulus
measured in the transverse direction. The stiffness changes
in physiological conditions in this direction of indentation
may be larger than the changes in vivo and may be due to the
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for the dried state micro- and nanoindentation in MTLT.excessive bulging of the sample surface in this direction. The
swelling in MTLT has been reported to be highly anisotropic
at the macroscopic level (Lees and Page, 1992), which is
confirmed here in the microscopic scale. Microindentation
moduli in the transverse direction of MTLT in the re-hydrated
state are on average 55.6% lower than the results obtained
in the dried state. This appears to be due to an artifact
originating from the swelling of the cut tissue surfaces, where
the fibers are not constrained. In this study a surface swell
of about 15–20 µm in the transverse samples under HBSS
re-hydration was seen. The physiological process of swelling
in the wet state may be rather less pronounced in vivo, as
the fibers are constrained with one another. The indentation
moduli had been shown to decrease by about 29% when
going from the dried to the wet state in trabecular bone
(Wolfram et al., 2010a). This decrease is greater than what
we have measured in the axial direction of MTLT (average
5.4%). The swelling in the axial and transverse directions
of MTLT are likely to be the two extremes. We note that
the fibers in MTLT are aligned in a parallel manner along
the long axis of the tendon, whereas the complex lamellar
arrangement of mineralized collagen fibers in bone restricts
the swelling, so that the average amount of decrease in the
indentation moduli with re-hydration falls somewhat in the
middle between the two extremes seen in MTLT.
The circumferential zone of MTLT showed higher
anisotropy, in both micro- and nanoindentation than that of
the interstitial zone. This could be caused by the slightly dif-
ferent composition of the two types of morphology. In the
fibril-array model proposed by Reisinger et al. (2010), elastic
anisotropy was found to be proportional to the volume frac-
tion of the mineralized collagen fibrils in a fibril-array, so also
proportional to the volume fraction of collagen in the array.This would suggest a higher volume fraction of collagen in
the circumferential zone as a factor contributing to the higher
anisotropy of this zone. Additionally, the volume fraction of
fibers observed with light microscopy was also higher in this
zone (Spiesz et al., 2012).
The higher anisotropy of the indentation moduli results
from the microindentation rather than from nanoindentation
(see Table 1). This may be due to the higher impact
of microporosity on the indentation modulus obtained
in the microindentation in the transverse direction of
MTLT. Additional compliance coming from bending of the
mineralized collagen fibers of MTLT could be expected, if
obscured longitudinal micropores are present close to or
within the indentation deformation zone. This is less likely
the case for nanoindentation, where the deformed volume is
smaller. Also the final indentation depth in nanoindentation
in the transverse direction is higher than that in the axial
direction. Due to the assumed indentation depth effects,
the indentation moduli values may be underestimated.
This would cause the overestimation of the stiffness
anisotropy ratio of nanoindentation measurements in MTLT.
Additionally, damage accumulation (reduction of stiffness)
under the tip may be dependent on the indentation depth.
The extent of mineralization of the MTLT was shown to be
similar to that of human bone (Gupta et al., 2004). Differences
in the morphology of the two zones were studied recently
(Spiesz et al., 2012) suggesting some modeling/remodeling
occurs in the tissue. The circumferential zone seems to be
a newer one that is deposited on the edges of the vascular
channels (large pores in Fig. 1(a) and (b)). The interstitial zone
with the large mineralized fibers seems to be a product of
mineralization of the large collagen fibers already existing
in tendon. The different origins of the two tissue types may
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and extrafibrillar matrix) andmineral orientations. The newly
built circumferential tissue is likely to be more similar to
bone in the mineralization process, as both collagen fibrils
and mineral may be laid down approximately at the same
time. This may result in a high infiltration of the mineral
into the fibril. On the other hand, the large collagenous
fibers mineralizing after the fiber assembly may result in
a lower infiltration rate and therefore higher extrafibrillar
mineralization. The orientation of the extra- and intrafibrillar
mineral also may be different. The intrafibrillar mineral likely
follows the arrangement of the collagen fibrils, what causes
high orientation (Fratzl andWeinkamer, 2007) and potentially
enhances the stiffness. The extrafibrillar mineral may be
less oriented (Fritsch and Hellmich, 2007), but modeling of
the mineralized collagen fibrils has shown an increase in
stiffness related to placing more mineral in the extrafibrillar
space (Nikolov and Raabe, 2008), (Reisinger et al., 2010).
The differences in the mineral distribution in the zones
may be one of the factors explaining the difference in
stiffness. Unfortunately, detailed experimental analyzes of
this problem remain unavailable in literature.
The differences in the total indentation work measured in
axial or transverse directions seem to be mainly influenced
by the changing plastic work (see Fig. 4(a)). Interestingly the
elastic work is comparable in both indentation directions and
for both dried and physiological conditions.
The ratios of elastic and plastic work (Wel/Wpl) suggest
that more energy is dissipated in the indentation in
axial direction than in the transverse one. This may be
caused by an anisotropic post-yield behavior of MTLT. More
energy is dissipated during indentation in axial direction,
as more fibers-slippage is likely to occur there. Also shear
strain between the fibers is likely to be higher there than
in transverse direction. Similar results were observed by
Hengsberger et al. (2002) in indentation of human osteons.
Dark (thick) lamellae, where the fibers are arranged mostly
in the direction along the osteon main axis (Ascenzi and
Lomovtsev, 2006; Spiesz et al., 2011) showedmore dissipation,
which could be a similar situation to indentation of MTLT in
axial direction of the fibers. Less dissipation was measured
in bright (thin) lamellae, similar to transverse direction of
indentation in MTLT.
The measurements performed here are indentations in a
porous media and in this sense fulfill the conditions of the
half-space indentation in a homogenized sense, nevertheless
the nano- and microindentation are valid methods for
evaluating the average elastic properties of mineralized
tissues (Hengsberger et al., 2002; Oyen, 2006; Donnelly et al.,
2006; Lewis and Nyman, 2008; Wolfram et al., 2010a,b), as well
as other natural and engineering materials (Berke et al., 2009;
Jaeger et al., 2011).
Acknowledgments
This research was supported by grant no P19009-N20 of the
Austrian Science Foundation (FWF). The authors would like
to thank P. Messmer for technical assistance with scanning
electron microscopy images, E. Dall’Ara and U. Wolfram for
fruitful discussions and advice, as well as L. Kafarska, H.E.
Amuasi and P. Spiesz for support.R E F E R E N C E S
Ascenzi, M.G., Lomovtsev, A., 2006. Collagen orientation patterns
in human secondary osteons, quantified in the radial direction
by confocal microscopy. Journal of Structural Biology 153,
14–30.
Begley, M.R., Hutchinson, J.W., 1998. The mechanics of size-
dependent indentation. Journal of the Mechanics and Physics
of Solids 46, 2049–2068.
Berke, P., Tam, E., Delplancke-Ogletree, M.P., Massart, T., 2009.
Study of the rate-dependent behavior of pure nickel in conical
nanoindentation through numerical simulation coupled to
experiments. Mechanics of Materials 41, 154–164.
Bigi, A., Gandolfi, M., Koch, M.H.J., Roveri, N., 1996. X-ray
diffraction study of in vitro calcification of tendon collagen.
Biomaterials 17, 1195–1201.
Crawley, M.J., 2005. Statistics. An Introduction Using R. JohnWiley
and Sons Ltd, Chichester, England.
Donnelly, E., Williams, R.M., Downs, S.A., Dickinson, M.E.,
Baker, S.P., Van Der Meulen, M.C.H., 2006. Quasistatic and
dynamic nanomechanical properties of cancellous bone tissue
relate to collagen content and organization. Journal of
Materials Research 21, 2106–2117.
Ebenstein, D.M., Pruitt, L.A., 2006. Nanoindentation of biological
materials. Nano Today 1, 26–33.
Fischer-Cripps, A.C., 2002. Nanoindentation. Springer-Verlag, New
York.
Franzoso, G., Zysset, P.K., 2009. Elastic anisotropy of human cor-
tical bone secondary osteons measured by nanoindentation.
Journal of Biomechanical Engineering 131, 021001-1–021001-
11.
Fratzl, P., Weinkamer, R., 2007. Nature’s hierarchical materials.
Progress in Materials Science 52, 1263–1334.
Fritsch, A., Hellmich, C., 2007. [‘]universal’ microstructural pat-
terns in cortical and trabecular, extracellular and extravas-
cular bone materials: micromechanics-based prediction of
anisotropic elasticity. Journal of Theoretical Biology 244,
597–620.
Gupta, H.S., Messmer, P., Roschger, P., Bernstorff, S., Klaushofer,
K., Fratzl, P., 2004. Synchrotron diffraction study of deforma-
tion mechanisms in mineralized tendon. Physical Review Let-
ters 93, 158101.
Hengsberger, S., Boivin, G., Zysset, P.K., 2002. Morphological and
mechanical properties of bone structural units: a two-case
study. International Journal of the Japan Society of Mechanical
Engineers 45, 936–943.
Jaeger, A., Bader, T., Hofstetter, K., Eberhardsteiner, J., 2011.
The relation between indentation modulus, microfibril angle,
and elastic properties of wood cell walls. Composites Part A:
Applied Science and Manufacturing 42, 677–685.
Landis, W., Hodgens, K., Song, M., Arena, J., Kiyonaga, S.,
Marko, M., Owen, C., McEwen, B., 1996. Mineralization
of collagen may occur on fibril surfaces: evidence from
conventional and high-voltage electron microscopy and three-
dimensional imaging. Journal of Structural Biology 117, 24–35.
Landis, W., Silver, F., 2002. The structure and function of normally
mineralizing avian tendons. Comparative Biochemistry and
Physiology – Part A: Molecular & Integrative Physiology 133,
1135–1157.
Lees, S., Page, E.A., 1992. A study of some properties ofmineralized
turkey leg tendon. Connective Tissue Research 28, 263–287.
Lees, S., Prostak, K.S., Ingle, V.K., Kjoller, K., 1994. The
loci of mineral in turkey leg tendon as seen by atomic
force microscope and electron microscopy. Calcified Tissue
International 55, 180–189.
28 J O U R N A L O F T H E M E C H A N I C A L B E H AV I O R O F B I O M E D I C A L M AT E R I A L S 1 2 ( 2 0 1 2 ) 2 0 – 2 8Lewis, G., Nyman, J.S., 2008. The use of nanoindentation for
characterizing the properties of mineralized hard tissues:
state-of-the art review. Journal of Biomedical Materials
Research Part B: Applied Biomaterials 87, 288–303.
Oliver, W.C., Pharr, G.M., 1992. An improved technique for
determining hardness and elastic modulus using load and
displacement sensing indentation experiments. Journal of
Materials Research 7, 1564–1583.
Oyen, M.L., 2006. Nanoindentation hardness of mineralized
tissues. Journal of Biomechanics 39, 2699–2702.
Oyen, M.L., 2011. Handbook of Nanoindentation With Biological
Applications. Pan Stanford, Singapore.
Reisinger, A., Pahr, D., Zysset, P., 2010. Sensitivity analysis and
parametric study of elastic properties of an unidirectional
mineralized bone fibril-array using mean field methods.
Biomechanics and Modeling in Mechanobiology 9, 499–510.
Rho, J.Y., Zioupos, P., Currey, J.D., Pharr, G.M., 1999. Variations
in the individual thick lamellar properties within osteons by
nanoindentation. Bone 25, 295–300.
Roschger, P., Fratzl, P., Eschberger, J., Klaushofer, K., 1998.
Validation of quantitative backscattered electron imaging for
the measurement of mineral density distribution in human
bone biopsies. Bone 23, 319–326.
Shu, J.Y., Fleck, N.A., 1998. The prediction of a size effect
in microindentation. International Journal of Solids and
Structures 35, 1363–1383.Spiesz, E.M., Kaminsky, W., Zysset, P.K., 2011. A quantitative
collagen fibers orientation assessment using birefringence
measurements: calibration and application to human osteons.
Journal of Structural Biology 176, 302–306.
Spiesz, E.M., Roschger, P., Zysset, P.K., 2012. Influence of
mineralization and microporosity on tissue elasticity —
experimental and numerical investigation on mineralized
turkey leg tendons. Calcified Tissue International 90 (4),
319–329.
Swadener, J.G., Pharr, G.M., 2001. Indentation of elastically
anisotropic half-spaces by cones and parabolae of revolution.
Philosophical Magazine A 81, 447–466.
Voyiadjis, G., Peters, R., 2010. Size effects in nanoindentation:
an experimental and analytical study. Acta Mechanica 211,
131–153.
Wolfram, U., Wilke, H.J., Zysset, P.K., 2010a. Rehydration of
vertebral trabecular bone: influences on its anisotropy, its
stiffness and the indentation work with a view to age, gender
and vertebral level. Bone 46, 348–354.
Wolfram, U., Wilke, H.J., Zysset, P.K., 2010b. Valid µ finite element
models of vertebral trabecular bone can be obtained using
tissue properties measured with nanoindentation under wet
conditions. Journal of Biomechanics 43, 1731–1737.
Zhang, J., Niebur, G.L., Ovaert, T.C., 2008. Mechanical property
determination of bone through nano- and micro-indentation
testing and finite element simulation. Journal of Biomechanics
41, 267–275.
